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The effectiveness of a body flare as a pitch-stabilizing device and 
a body flap as a pitch-control device has been investigated experimen- 
tally at Mach mimbers from 3. 00 to 6.25. The basic test body was rota- 
tionally symmetric and consisted of a fineness ratio 3 nose followed by 
a fineness ratio 9 afterbody. The body flare was conical and was added 
at the base. The body flap consisted of a deflectable section of the 
siarface of the cylindrical afterbody. This section was 1.59 body diam- 
eters long, 78° of arc in circumferential extent, and was centered 8.5 
body diameters aft of the nose. Tests were conducted at angles of attack 
from -25° to +25° and flap deflection angles of 0°, -10°, and -25°. 

Experimentally determined increments in lift and drag due to flap 
deflection are compared at a Mach mmiber of 5 with the predictions of the 
generalized shock- expansion theory and Newtonian impact theory. Both 
theories are in reasonably good agreement with experiment at small angles 
of attack. The trim lift coefficients and lift-drag ratios of the test 
configirration are found to increase steadily with increasing Mach mmiber, 
becoming greater than those of a comparable all-movable-wing control at 
the higher Mach numbers of the tests. The body flare and flap have, then, 
the attractive possibility at high supersonic airspeeds of providing sta- 
bility and control in pitch, while at the same time they should be less 
vulnerable than planar airfoils to aerodynamic heating. 


INTRODUCTION 


The design of aircraft suitable for flight at high supersonic air- 
speeds is in substantial part dictated by considerations of aerodynamic 
heating. Aerodynamic heating is governed by many factors, including the 
Mach number and Reynolds number of flight and, of course, the shape of 
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the aircraft. It is hardly to be expected that^ in general, the depend- 
ence of aerodynamic heating on shape will be simple; however, it seems 
reasonable to anticipate that within certain limits, reducing the surface 
area will reduce the aerodynamic heating. Provided this is the case, it 
follows that the amount of surface subject to aerodynamic heating should 
be kept to a minimum. Especially is this true of such surfaces as present 
unusually severe cooling problems. In the latter category fall the thin 
planar surfaces normally used for lifting, stabilizing, and controlling 
aircraft in flight. At high supersonic airspeeds there is considerable 
evidence, both theoretical and experimental (see, e.g., refs. 1, 2, 3^ ^ind 
h ) , that lift may be developed on a fuselage in sufficient quantity and 
at low enough drag penalty to greatly reduce, if not altogether eliminate, 
the need for wings. It remains to be determined whether planar surfaces 
for stabilizing and controlling hypersonic flight can also be largely 
eliminated or replaced by surfaces less vulnerable to aerodynamic heating. 

Two such surfaces, one designed to provide stability in pitch, and the 
other to provide control in pitch, were therefore studied experimentally. 
The purpose of this paper is to report on the results of this preliminary 
investigation, and especially to determine whether or not these surfaces 
have promise and, hence, warrant further consideration. The stabilizing 
surface consisted of a conical flare located at the base of the test body. 
The control consisted of a deflectable section of the surface of the body 
and is termed a body flap. Force and moment characteristics were obtained 
for several flap deflections at Mach mmibers from 3-00 to 6.25- Experi- 
mentally determined forces due to flap deflection are compared with pre- 
dictions of theory, and flap trim effectiveness is compared with that of 
a corresponding low-aspect-ratio all-movable control. 


SYMBOLS 


A 



cross-sectional area of cylindrical section of test body, sq in. 
drag coefficient, 


lift coefficient. 


qA 


normal-force coefficient. 


normal force 
qA 


Cm pitching-moment coefficient (moment about body nose). 


moment 


qAZ 


D 


drag, lb 
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d diameter of cylindrical section of test body, in. 

f fineness ratio 

L lift, lb 

I length of test body, in. 

length of nose section of test body, in. 

M Mach nurber 

q dynamic pressure, ib/sq in. 

r radial coordinate, in. 

X longitudinal coordinate, in. 

X center of pressure (measured from nose), fraction of ? 

a angle of attack, deg 

6 control deflection angle (positive for trailing edge deflected 

downward) , deg 


EXPERIMEI'IT 

Test Apparatus and Methods 


The tests were conducted in the Ames lO- by l4-inch supersonic wind 
tunnel at Mach numbers of 3-00, 4.23, 5-05, and 6.25. a detailed 

description of this wind tunnel and its aerodynamic characteristics see 
reference 5* Lift, drag, and pitching moment were measured with a three- 
component strain-gage balance. The balance system measured forces paral- 
lel and perpendicular to the balance axis and these forces were, in turn, 
resolved to give the lift, drag, and normal forces. Pitching moments were 
measured about the body base. Angles of attack up to 5^ were obtained by 
rotating the model-balance assembly. In order to obtain angles of attack 
greater than 5^, bent-sting model supports were employed. All sting sup- 
ports were shrouded from the air stream to within about 0.040 inch of 
the model base, thereby eliminating, for all practical purposes, all aero- 
dynamic loads on the sting. 

Base pressures were mieasured in all tests and the lift and drag 
ponents of the resultant base force (referred to free-stream static 
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pressure) were subtracted from measured total lift and drag forces to 
obtain the aerodynamic forces acting on the portions of test models ahead 
of the base. 

Wind-tunnel calibration data (see ref. 5) were employed in combina- 
tion with stagnation pressures measured with a Bourdon pressure gage to 
obtain the stream static and dynamic pressures of the tests. Reynolds 
numbers based on the diameter of the cylindrical portion of the models 
were 


Mach number 


Reynolds number, 
million 


3.00 
h.23 
5. 05 
6.25 


0.78 

.72 

.35 

.15 


Models 


The models tested in the present investigation are shown in figure 1 
along with a sketch giving pertinent over-all dimensions. The first model 
consisted of a 1-inch-diameter basic body made up of a fineness ratio 3, 
3/l)._power nosei faired into a fineness ratio 9 cylindrical afterbody. The 
second model consisted of the basic body modified by a conical flare at 
the base. This flare was a frust\am of a fineness ratio 3 cone. It 
extended 1.2h2 body diameters forward of the base and increased the base 
diameter by ^'2. The third model was essentially the same as the second, 
with the exception that a body flap 1.590 body diameters long and j 8 ° of 
arc in circumferential extent was added forward of the conical flare. 

This flap was centered at a station 8.5 body diameters from the nose. It 
had a projected lateral dimension equal to 0.629 body diameter and a plan 
area equal to the square of the body diameter. This particular configu- 
ration was chosen because it was desired to compare the data obtained for 
the flap with those obtained for an all -movable -wing model. This latter 
model, which was tested in the Ames 10- by lb-inch wind tunnel in conjunc- 
tion with a separate research program, consisted of the same basic body, 
with a rectangular plan form, all-movable control of aspect ratio b/9 (for 
the exposed panels joined together) . The control was also centered 8.5 
body diameters from the nose and had the same plan area as the body flap. 
The chord of the control was equal to I.5 body diamieters, and the exposed 
semispan was equal to I/3 body diameter. A b-percent-thick, biconvex air- 
foil section with a 50-pgi’cent-blunt trailing edge was employed. 

^Specifically, this nose is defined by the relation r=^(x/Zn)° * and 

was chosen to provide a basic body of lower than average m.inimum drag (see 
refs. 3 and 6). 

^^ ^nSfidektub. ^ 
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Neither the body-flap model nor the all-movable-wing model is 
intended to represent a practical aircraft configuration. Nevertheless, 
these models provide experimental results on the relative merits of the 
body-flap configuration. 


Stream Mach numbers did not vary more than ±0.02 from the mean val- 
ues of 3*00, 4.23, and 5* 05* A maximum variation of ±0.04 existed at the 
peak test Mach number of 6.25. Stream Reynolds number for a given Mach 
number did not depart by more than +10,000 from the mean values given in 
the section "Test Apparatus and Methods." 

The over-all accuracy in angle-of -attack values, including uncer- 
tainties in the corrections for stream angle and for deflections of the 
model support, is estimated to be +0.2°. 

Uncertainties in the measurem.ent of forces acting on the models and 
in the determination of free-stream dynamic pressures influenced the 
accuracy of computed force coefficients. At angles of attack up to 10° 
and Mach numbers up to 5, these uncertainties resulted in maximum esti- 
mated errors in lift, drag, and normal-force coefficients of ±0.015. 

A corresponding error of ±0.030 is estimated at Mach number 6.25. At 
angles of attack in excess of 10°, the error increases to ±0.020 at Mach 
numbers up to 5 and ±0.045 at Mach niruber 6.25. Pitching -moment coeffi- 
cients are estimated to be in error by not more than ±0.020, except at 
Mach numiber 6.25 where the value is ±0.045. Finally, it should be empha- 
sized that, for the most part, the experimental results presented herein 
are in error by less than these estimates. 


All the experimental data for the three models tested during the 
investigation are presented in table I. Typical data are also presented 
in graphical form in figures 2 through 4. In analyzing these results, 
it is convenient to consider first the effectiveness of the conical flare 
in stabilizing the basic body. 


Conical flares similar to the one tested here have been investigated 
previously (see, e.g., ref. 7 )^ though the intent was not to reduce the 


Accuracy of Test Results 


RESULTS AND DISCUSSION 


Stability of Flared Body 
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severity of problems associated with aerodynamic heating. The size of 
the conical flare used in the present tests was fixed by requiring that 
the center of pressure on the body be shifted slightly aft of the midship 
location . 2 According to Newtonian impact theory the center of pressure 
of the flared body was nearly constant with changes in angle of attack, 
ranging from 56 percent of the body length aft of the nose at to 

57 percent at a=25°. The experimentally determined centers of pressure 
are shown in figure 5 and are compared with those of the basic body.® 

It is seen that the flare is effective both in moving the center of pres- 
sure of the basic body aft and in reducing its travel with angle of attack. 
At the lower Mach numbers and angles of attack, the center of pressure is 
somewhat ahead of that estimated with impact theory. At the highest Mach 
number, however, the estimate of 56 to 57 percent is apparently too low. 
Center-of-pressure results are also shown for the body with wing. It is 
seen that whereas the effectiveness of the conical flare increases with 
Mach number, the effectiveness of the wing decreases (as might be expected 
from thin-airfoil theory) , becoming generally inferior to that of the flare 
at Mach numbers in the nieghborhood of 5 and greater. Movement of the wing 
to a more rearward location would no doubt shift the center of pressure 
aft; however, the effect of Mach number on the ability of the wing to fix 
center of pressure would seem likely to remain essentially the same. Cer- 
tainly, the experimental results do confirm the prediction that a conical 
flare may be employed to provide pitch stability to a body in hypersonic 
flight. It should also be noted that this stability is achieved with lit- 
tle change in lift-drag ratio at Mach numbers greater than 5 since the 
flare increases both the lift and drag of the body in approximately the 
same proportions (see figs. 2 and 3)* 


Effect of Body Flap on Lift and Drag 


Deflection of the body flap influences the force characteristics of 
the flared body as shown in figure 6 where the variations of C-^ and Cj) 

with flap deflection at various angles of attack and Mach numbers are pre- 
sented. Examination of these results shows that the present body flap is 
not an especially powerful control. Reasonable flap effectiveness is 
attained, however, at low angles of attack for the higher flap deflections. 

^With this provision, plus the assumption that the cone of which the 
flare is a frustum should have the same fineness ratio as the nose (f=3), 
it was indicated by Newtonian impact theory (see, e.g., ref. 8) that the 
normal- force contribution of the flared section should be the same as that 
of the nose section. In consequence of these conditions, the base diameter 
of the conical flare is just n/2 times the diam.eter of the basic body. 

^The results presented for center of pressure were obtained graphi- 
cally in the usual manner from, data (see tables l(a) and (b)) on Cm and C]^. 
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Evidently^ too^ this effectiveness is fairly independent of Mach number. 

At high positive angles of attack the flap is essentially ineffective. 

On the other hand the flap remains effective at large negative angles of 
attack. This result suggests that the body-flap control might be most 
effective in a canard configuration - one, for example, like the nose flap 
investigated independently by Lazzeroni (ref. 9) Q-t lower supersonic 
speeds. The nose flap was designed, however, with a different objective in 
mind; namely, it was intended to provide pitch control for a missile air- 
frame having small lateral dimensions. It seems likely, however, that a 
canard arrangement or, for that matter, almost any arrangement with the 
flap deflected on the windx/ard side of the body would be unstable in roll. 
Planar fins, such as those employed in reference 9^ would, of course, pro- 
vide roll damping. 4 if stability and control are to be obtained aerodynam- 
ically in the absence of planar surfaces, the body flap should be located 
aft on what is norm.ally the lee side of the body - that is, in a position 
something like the one used in the present investigation. In this event, 
however, the flap does not, in the light of the experimental data just dis- 
cussed, appear promising for application at high angles of attack. 


The body flap deflected -25^ influences the center of pressure as 
shown in figure 7 • Results are also shown for the flared body with flap 
undeflected. Ey assuming a reasonable static margin, we can determine 
the trim lift coefficients for the flared body with flap over the Mach 
number range. If a static margin equal to 3 percent of the body length 
at a=0° is taken and the results of figure 7 are used, these lift coef- 
ficients are found to vary with Mach number as shown in figure 8. Vari- 
ation of the corresponding coefficients for the model with all-movable 
wing deflected -25^ is also shown. It is seen that the lift coefficients 
at trim for the body-flap model increase steadily with Mach number. In 
contrast to this result, the trim lift coefficients for the model with 
all -movable wing decrease markedly with Mach number, falling below those 
of the body- flap model at the highest Mach number. 

The lift-drag ratios corresponding tc these trim lift coefficients 
are shown in figure 9 for the two configurations. The trends observed in 
the lift-drag ratios also favor the body-flap model at the higher test 
Mach numbers . ^ 

^While the addition of such fins may present no problem at low super- 
sonic speeds, their addition would lead to aerodynamic-heating problems at 
high supersonic speeds, tending to defeat the advantage sought here with 
the present body-flap configuration. 

^The maximum trim lift-drag ratios attainable with each control at the 
various test Mach numbers might make a better comparison. However, due to 
the limited number of control deflections tested in the present investiga- 
tion, it was not possible to determine these quantities accurately. 
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Up to now we have considered^ so to speak^ only the gross effects of 
a conical flare and body flap on the aerodynamic characteristics of a body 
of revolution. In the interests of better understanding how these devices 
influence flow about the body, it is appropriate next to discuss results 
of flow visualization studies. 


Flow Visualization Studies 


Two types of study were made. First, shadowgraph pictures were 
taken of the flow in the region of the flap and flare at Mach numbers of 
U.23, 5.05, and 6.25. The model was set at 0° angle of attack with flap 
deflections of -10° and -25°. (Note the model was moved downstream in 
the tunnel to permdt the taking of these pictures.) Second, the flow at 
the surface was observed at a Mach number of U.23 using the China-clay 
technique® (see, e.g., ref. lO) . Typical results of these studies are pre- 
sented in figure 10. It is indicated by the shadowgraph pictures that the 
shock wave produced by the flap has caused only moderate thickening of the 
boundary layer forward of the flap. The China-clay pictures verify this 
point and show further that the boundary layer tends to bleed around the 
sides of the flap from the high-pressure region on the top to the low- 
pressure region below and behind. Much the same phenomenon has been 
observed in studies of boundary- layer flow over ramps in front of inlets 
(see ref. ll) . Accordingly, shock-wave-boundary- layer interaction would 
not appear to play an important role in the performance of the body flap, 
at least at intermediate to large angles of deflection. 

The flow aft of the flap is apparently separated, however, as is 
strikingly indicated by the absence of a strong shock wave emanating from 
the upper part of the conical flare (see figs. 10(a) and (b) , M = ^.23) 
and by the streamline pattern in the China-clay pictures. This flow sep- 
aration may be expected to reduce the forces on the tail cone and should, 
of course, be considered in any calculation of flap effectiveness. 

With these points in mind, it is undertaken next to determine how 
well flap characteristics can be predicted by theory. 

\ 


Com.parison of Theory and Experiment 


A limited number of calculations have been made to estimate the 
increm.ental force coefficients due to flap deflection. Both impact theory 
(ref. 8) and the generalized shock-expansion method (refs. 12 and I3) were 

®It was not possible to obtain results for the higher test Mach num- 
bers because the drying time of the fluid used in the tests was less than 
the time required to establish flow at these Mach numbers. 
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employed J In these calculations^ the interference of the flap on the 
flare was determined hy considering, as prescribed by impact theory 
(see ref. 8), that no forces act on any part of the body shadowed from 
the free stream by the deflected flap. 

The results of the calculations are compared with those of experiment 
in figure 11 for the test Mach number of 5-05 and angles of attack +10°, 

0°, and -10°. The predictions of both theories are generally in from fair 
to good agreement with the experimental results at angles of attack of 0 
and -10°. ® At +10° angle of attack, only qualitative agreement is obtained 
with either theory (impact theory gives zero force increments since the 
flap is always within the shadow of the forward part of the body) . Evi- 
dently, then, neither theory properly accounts for the fact that the flap 
is operating largely in the wake of the body. 

The effect of flap-flare interference on incremental lift coefficient 
is illustrated at zero angle of attack in figure ll(b) where results are 
shown for the coefficients calculated with impact theory neglecting inter- 
ference. Comparison of these results with those including the interference 
indicates that the shadow concept of Impact theory is adequate in this case 
for predicting the interference effects. These results also show that the 
interference has a significant detrimental influence on flap effectiveness. 
Recommendations for elimination of this influence will be discussed later. 


CONCLUDING REMARKS AND FUTURE DESIGN CONSIDERATIONS 


Results of the experimental investigation of a body of revolution 
having a conical flare at the base to provide stability in pitch and fitted 
with a body flap to provide control- in pitch have been analyzed at Mach 
numbers from 3 6.25* It was found that these devices do, in fact, per- 

form their intended function at high supersonic airspeeds. In particular, 
the conical flare was effective in fixing the center-of-pressure location 
slightly aft of the midship poirjt on the body at Mach numbers in excess 
of U and angles of attack up to 25°. The body flap improved as a trim 
device over the Mach number range of the tests. At Mach numbers in excess 
”^The initial conditions for the shock-expansion solutions were deter- 
mined from pressure distributions (and shock waves) measured for a cone 
having a semivertex angle of l8.93°- (These data were obtained in conjunc- 
tion with an independent series of tests in the 10- by l4-inch supersonic 
wind tunnel.) The use of this procedure means, in effect, that for the 
purposes of these calculations, the blunt nose of the body was replaced 
with a cone tangent to the 3/4-power profile at 1.77 percent of the nose 


length . 

®0ne exception, that for the incremental lift coefficient at a=-10° 
and 6= -10°, is noted. Although the cause of this difference between 
theory and experiment is not known, it is believed that it is due to a more 
extensive and complex interference than considered by the theories. 
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of about "the combination of body flap and conical flare became superior 
to an all -movable wing, providing larger trim lift coefficients and larger 
trim lift-drag ratios at a control deflection of -25° • These results 
offer encouragement to the possibility of designing stable and controllable 
hypersonic aircraft essentially free of planar surfaces which present inor- 
dinately severe aerodynamic -heating problems. 

Experimentally determined increments in lift and drag due to flap 
deflection were compared at a Mach number of 5 "to the predictions of both 
the generalized shock-expansion method and the Newtonian impact theory. 

The predictions of both theories were found to be in fair to good agree- 
ment with experimental results at sm.all angles of attack. In the appli- 
cation of the theories, it was found that consideration must be given to 
the interference of the flap on the conical flare. This finding was 
brought out and supported by a series of visual studies of the flow in the 
region of the flap and flare . 

In general, the effectiveness of the flap as employed in these tests 
was found to be low at small flap deflections and, more or less irrespec- 
tive of flap deflection, at large positive angles of attack (in the neigh- 
borhood of 29°) . It seems unlikely that flaps of this type located on the 
lee side of a body offer much promise of being made effective at large 
angles of attack, inasmuch as under these circumstances the flap is 
largely submerged in the wake of the body. Flap effectiveness for small 
flap deflections may, however, be improved over that obtained in the pres- 
ent tests by locating the flap on a positively inclined surface rather than 
on the cylindrical afterbody, such as was done here. The conical flare 
provides a logical surface for this purpose since this location of the flap 
will have the added advantage of eliminating the unfavorable effects of 
flap-flare interference. The resulting configuration might appear some- 
thing like that shown in figure 12, though, of course, many variations are 
possible. This configuration has the same over-all fineness ratio as the 
test body of this report, but it has a more slender nose and stabilizing 
cone. This modification should, of course, increase the attainable lift- 
drag ratios (see ref. U) . The body flap could be employed in pairs rather 
than singly, thereby permitting an increase in over-all effectiveness at 
small and intermediate flap deflections by allowing the lower or windward 
flap to be retracted into the flare while the leeward flap is extended 
away from the flare. Retraction of the lower or windward flap would, in 
effect, reduce the stabilizing effect of the tail cone and thereby permit 
a further increase in trim lift. It is noticed, too, that a pair of yaw 
control flaps has been incorporated in this design, the assumption being 
that if the body flap is effective in pitch, it should also be effective 
in yaw.® It is, of course, a logical extension of this control to con- 
sider the all-movable tail cone. Also, it is observed that some stability 

^Simultaneous deflection of all four flaps would also provide a 
method of controlling the body center-of-pressure location and, hence, con- 
trolling the stability of the configuration. 
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in roll should he provided by the extended flap. These possibilities 
must, of course, be investigated experimentally to determilne the extent 
to which they can actually be realized. 


Ames Aeronautical Laboratory 

National Advisory Coram.ittee for Aeronautics 
Moffett Field, Calif., Oct. I 3 , 195^ 
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TABLE I.- FORCE AND MOMENT CHARACTERISTICS 





(a 

Basic body 








(b) Flared body; 5 » 

0° 





M 

a 

Cl 

Cd 

On 

Cm 

M 

a 

Cl 

Cd 

Cn 

Cm 

M 

a 

Cl 

Cd 

Cn 

Con 

M 

a 

Cl 

Cd 

Cn 

Cm 

3.00 

0 

0 

0.146 

0 

0 

5.05 

0 

0 

0.104 

0 

0 

3.00 

0 

0 

0.270 

0 

0 

5.05 

0 

0 

0.163 

0 

0 


2.03 

.102 

.158 

.108 

-.03111 

2.01 

.120 

.116 

.124 

-.039 


2.04 
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(a) Photograph of models. 
Figure 1 .- Models. 
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(b) Dimensioned sketch of models. 
Figure /.- Concluded. 
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(b) M = 4.23 

Figure 2— Force and moment characteristics of basic body. 
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Angle of attack, a, degrees 


(d) M = 6.25 
Figure 2.— Concluded. 
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(a) M = 3.00 



(b) M =4.23 

Figure 3- Force and moment characteristics of body with conical flare. 
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(c) M = 5.05 
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(d) M = 6.25 
Figure 3.— Concluded. 
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Figure 4- Force and moment characteristics of body with conical flare 

and flap deflected -25° 
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(c) M = 5.05 



Figure 4.- Concluded. 
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(b) M - 4.23 


Figure 5.- Variation of center of pressure for basic body, for body with 
conical flare, and for body with wing. 
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(c) M * 5.05 



Figure 5.— Concluded. 
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Figure 6.- Variation of force coefficients with flap deflection. 

f 

^MFIDEJiTIAL ^ 


• • 


• • 


26 



CONFIDENTIAL 


“nACA RM A54J13 


I 

<b 

8 




4ng/e of attack, a 



(b) M = 4 .23 

Figure 6— Continued. 
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Deflection angle, B, degrees 

(c) M = 5.05 
Figure 6.- Continued. 
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Figure 6.— Concluded. 
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Figure 7.- Effect of flap deflected -25° on center-of -pressure 
of body with conical flare. 
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Figure 7— Concluded. 
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Figure 6- Trim lift coefficients for body-flap and all-movable- 
wing models with constant static margin of 3 percent. 
(Controls deflected -25V 
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Figure 9.- Trim lift- drag ratios for body-flap and all- movable- 
wing models with constant static margin of 3 percent. 
(Controls deflected —25V 
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(a) Shadowgraph^ M = 4.23; ^ = -10^. 
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(b) Shadowgraph^ M = 4.23; 5 = -25^. 

Figure 10.- Flow visualization studies (a=0^). 
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(c) Shadowgraph, M = 5-05; S = -10°. 



(d) Shadowgraph, M = 5*05j & = -25° • 

Figure 10.- Continued. 
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(e) China clay, M = 4.23; 5 = -10° (top view). 
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(f) China clay, M = 4.23; 5 = -25° (top view). 

Figure 10.- Concluded. 
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(c) a = - 10° 

Figure //.- Comparison between theory and experiment for incremental 
force coefficients due to flap deflection at a Mach number of 5.05 
and several angles of attack. 
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Figure 12- Sketch of missile configuration showing proposed body -flap installation. 
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